be shown to result from infection and replication in osseous tissue and not from persistence of the original inoculum. In view of these and other unknown or uncontrollable variables encountered in vivo, it was decided to study the effects of H-1 virus infection on embryonic hamster bone in organ culture and thus make possible direct observation of the reaction of bone to virus in a regulated environment.
Materials and Methods
Animals.--Pregnant Syrian golden hamsters and Sprague-Dawley rats were obtained from commerical sources.
Preparation of Rat Embryo Cell
Cultures.--Rat embryos of 14-16 days gestation were finely minced with scissors and suspended in Hanks' balanced salt solution containing 0.250-/0 trypsin. After 90-120 min of mechanical stirring at room temperature, undigested pieces of tissue were removed by decanting through sterile gauze. The resulting cell suspension was then centrifuged at 500 rpm for 5 min, resuspended in Eagle's minimal essential medium containing 10% fetal calf serum, and seeded in a concentration of 50,000 cells/ml into tubes or flasks as required. After formation of confluent cell monolayers (usually 5 days after seeding), fluids were changed to Eagle's minimal essential medium containing 2% fetal calf serum for maintenance, and the cultures were used for propagation or titration of H-1 virus.
Virus.--The H-1 strain of picodna virus was kindly provided by Lawrence Kilham, M.D., Hanover, N. H. Samples of H-1 virus were inoculated into rat embryo cell cultures. When viral cytopathic effects were evident in 50-75% of the cells in culture, the supernatant fluids were removed and centrifuged at 2000 rpm for 10 min. The sediment was discarded and the supernatant fluids were sealed in glass ampules and stored at --60°C until needed for inoculation of organ cultures of bone. Control fluids for inoculation were prepared from the same batch of rat embryo cell cultures in an identical manner except for the omission of virus. The virus content of stock preparations was calculated by the Reed-Muench method (8) using cytopathic effect in rat embryo cell cultures as an indicator system. Because of the frequency of latent infection of rats by rat virus, another member of the picodna virus group (9), control cultures from each batch of rat embryo cells were observed until senescence for the cytopathic effects of rat virus. Whenever such cytopathlc effects were suspected, the stocks of H-1 virus and control fluid prepared from that batch of cells were discarded.
Preparation and Inoculation of Organ Cultures of Hamster
Tibiae.--Pairs of tibiae were dissected from hamster embryos obtained by hysterotomy on the 13th-15th days of pregnancy. One bone from each pair was placed in a test group of 5-10 bones and its mate was assigned to a control group of the same size. The bones were rinsed with Hanks' balanced salt solution and were transferred to plastic Petri dishes to which was added Eagle's minimal essential medium containing 20% fetal calf serum and added glucose to produce a final concentration of 5.0 mg/ml. Cultures were incubated at 37°C in an atmosphere of 5% carbon dioxide. Test cultures were inoculated with H-1 virus prepared in rat embryo cell cultures and control cultures were inoculated simultaneously with fluids from uninoculated rat embryo cultures. The use of control fluids from uninoculated rat embryo cultures was felt to be essential because of the possibility of undetected contamination of the stocks of H-1 virus by rat virus from the rat embryo cell cultures. If, despite the precautions described in the section on virus preparation, undetected rat virus was present in the stocks of H-1 virus, it was also present in the controls. The concentration of virus in the fluids of inoculated cultures at the beginning of each experiment was approximately 105 tissue culture-infective dosess0 (TCIDs0)I/0.1 ml. 24 hr after inoculation (or 2 hr after inoculation in the case of x Abbreviation used in this paper: TCIDso, tissue culture-infective doses 50.
determinations of the viral growth curve in bone) the virus inoculum was removed and the bones were rinsed five times in phosphate-buffered saline to dilute any residual virus and were placed in new culture dishes containing fresh medium.
Testing for H-1 Virus Infection of Bone.--To determine whether viral infection of bone had occurred, tibiae were harvested in pairs at various times after inoculation. Each bone sample was pulverized using a mortar and pestle and then suspended in 1.0 mt of Eagle's minimal essential medium containing 2% fetal calf serum. The suspension was centrifuged at 2000 rpm for 10 rain and the supernatant fluid, now an extract of bone, was tested for H-1 virus by inoculation into rat embryo cell cultures which were then observed for viral cytopaChic effect. Portions of supernatant fluids from bone cultures were also harvested and tested for virus.
Measurements of Bone Weights and Lengths.--Changes in wet weights of bone were detected by removing the bones from the culture dish, blotting on sterile filter paper, and weighing on an analytical balance. The bones were then returned to the culture dish for further observation or were harvested for other studies. For determination of dry weight, bones were desiccated in an oven at 100°C for 24 hr, allowed to cool to room temperature, and weighed on an analytical balance. Changes in bone length were measured with a microscope eyepiece micrometer.
Histologic Examination of Bones.--For histologic study, bones were fixed in Bouin's solution, washed, dehydrated, and embedded in paraffin. Decalcification was found to be unnecessary. Sections were cut 6/z in thickness and were stained with hematoxylin and eosin, toluidine blue, periodic acid Schiff-Alcian blue, and trlchrome stains.
RESULTS
During a period of 14 daft after inoculation, H-1 virus was isolated repeatedly from bones and supernatant fluids from test cultures, but not from control cultures. The curve of viral replication in bone is shown in Fig. 1 . The time at which the inoculum was removed and the bones were placed in fresh medium is indicated as 0. Virus was not detected in the washed bones or fresh medium at that time. During the following 72 hr, the titer of virus in bone extract increased to 104 TCIDs0/0.1 ml. Between 24 and 30 hr after inoculation, virus was released from bone into the culture fluids, and by 72 hr after inoculation, the virus content of culture fluids and bone extract were approximately equal. However, since bone extract represented a 1:100 to 1:1000 dilution of bone in Eagle's medium, the concentration of H-1 virus was proportionately greater in bone than in culture fluids.
As viral replication progressed, infected bones became translucent and slender, while bones in cultures inoculated with control fluids became more opaque and developed bulbous epiphyses. This change in appearance is demonstrated in Figs. 2 and 3 in which infected and control bones from embryos of 15 days gestation were photographed in culture 7 and 17 days after inoculation. In addition to these morphologic differences, control bones developed an envelope of ceils and tended to become attached by this envelope to the bottom of the culture dish. Once attached, the uninfected bone became a nidus for cellular outgrowth. Cellular envelopes and outgrowths were not produced by infected bones. This cellular proliferation was more marked in uninfected bones from embryos of 13 days gestation than in bones harvested from 15-day era-bryos. Also, after a few days in culture 13-day control bones became quite distorted, presumably from stresses applied by the envelope of cells, while 15-day bones had sufficient structural rigidity to resist distortion. Fig. 4 demonstrates an uninfected bone from a 13 day embryo distorted by its cellular envelope, and an infected bone, undistorted because of the absence of a cellular envelope. In Fig. 5 an uninfected control bone with its cellular outgrowth is shown next to a free-floating infected bone. These bones were placed together in the same dish only for photographic purposes. The photographic technique, which in this figure is directed toward showing cellular detail, has produced silhouettes of the straight infected bone and the distorted uninfected bone surrounded by its cellular outgrowth.
A regular increase in the wet weights of embryonic tibiae in culture was ob- served. Mter 7-9 days in culture, control bones had usually tripled in weight. In contrast, the wet weights of bones infected with H-1 virus usually increased during this period by a factor of not more and often less than two. The increase in weights of infected and control bones in one experiment are compared in Fig. 6 . As is apparent from the figure, uninfected control bones gained weight more rapidly and attained a greater final wet weight than did infected bones, despite the fact that the mean wet weights of both groups of bones were approximately equal at the beginning of the experiment. Evidence that impaired weight gain was consistently observed in tibiae infected with H-1 virus is presented in Fig. 7 . The mean dry weights of infected and control tibiae were found to be directly proportional to their mean wet weights. From their wet and dry weights the water contents of the bones were calculated according to the formula: Per cent water = (mean wet weight-mean dry weight) X 100/mean wet weight. As is demonstrated in Fig. 8 , no differences were found between the water contents of infected and control tibiae.
In contrast to their greater weights, control bones tended to be shorter than infected bones at the end of the period in organ culture. The mean lengths of infected and control tibiae are compared in Fig. 9 .
Longitudinal sections cut at the widest diameter of infected and control bones confirmed the morphologic differences observed in organ culture and provided evidence of histologic abnormalities in infected bones. Whole bone sections are compared in Fig. 10 . The uninfected control bone seen on the 7th day in culture exhibits broad epiphyses and is rimmed by a mantle of periosteum and peri- chondrium. In the mid-shaft area, deposition of subperiosteal bone has taken place. In contrast, the epiphyses of the infected bone, also examined on the 7th day in culture, appear more narrow and angular and the rim of periosteum and perichondrium is indistinct. Subperiosteal bone formation is much less than in the control. Examination of fixed sections of the mid-shaft region of bone at higher magnification (Fig. ll) shows that the rim of periosteum around the infected bone is almost acellular and consists largely of amorphous debris. Subperiosteal bone formation again is less than in the control bone, and several multinucleated giant cells, presumably osteoclasts, are present in the diaphysis. cate in this tissue. Thus indirect mechanisms need not be postulated to explain the osseous defects produced by this infection in embryonic and suckling hamsters, although the possible operation of such mechanisms as contributing causes cannot be excluded by this study.
Histologically the abnormalities seen in the infected bones in organ culture were degeneration of the periosteum and perichondrium and diminution of subperiosteal bone deposits. Multinucleated giant cells, presumed to be osteoclastic in function, were noted in apposition to subperiosteal bone. Therefore the decreased amount of subperiosteal bone was probably the result of a combination of diminished deposition by the impaired periosteum and resportion of bone by osteoclasts. This defect of the periosteum probably accounts for the slender, delicate appearance of the infected tibiae illustrated in Figs. 3 and 10 , since in the long bones subperiosteal bone deposition is essential to normal circumferential growth. Impaired periosteal function may also explain the presence of the cranial lacunae and "mongoloid" deformities of the flat bones of the skull described in young hamsters infected with H-1 virus. These abnormalities presumably result from defects in the formation of the bony tables of the cranial vault and failure of the skull to undergo normal growth and remodeling during maturation. Both of the latter processes normally occur at the periosteal surfaces of the membranous bones of the skull and require an intact periosteum.
Viral inclusion bodies were not identified in cartilage or periosteum in this study, but infectivity tests demonstrated the presence of virus. Ferm and Kilham (6) reported the finding of intranuclear inclusion bodies in the cartilage and notochord of hamster embryos infected with H-1 virus, but they are not mentioned in a description by Cohen and Shklar (10) of the skull and teeth of hamsters with deformities induced by H-1 virus. In a study of infection of periodontal tissues by rat virus, a member of the picodna virus group closely related to H-1 virus, Baer and Kilham describe the presence of inclusion bodies in the peridontal membrane in one report (11) and their absence in another (5) . The observation by Moore (12) that H-1 virus had to be passed 20 times in hamster embryo cells before it produced cytopathic changes in tissue culture suggests that production of cellular inclusions is a variable property of the virus.
In ~tdition to its effects on the histologic structure of the tibia, H-1 virus interfered with growth of bone as measured by increase in wet weight. The greater weight gain of the control bones may be related in part to the unimpaired growth of periosteal tissue resulting in a greater cell mass and in deposition of greater amounts of subperiosteal bone in the uninfected tibiae. Other differences such as changes in bone composition may be involved, however. In this study no difference was found between the water contents of infected and control bones after 7-16 days in organ culture. This determination was carried out because of the finding of Biggers (13) that as a normal bone ages in organ culture, it imbibes water. In contrast, dead bone or bone which has been damaged by exposure to certain chemicals does not show this phase of hydration. Apparently infection of bone by H-1 virus does not interfere with this incorporation of water. Staining of sections of bones with toluidine blue, periodic acid Schiff-Alcian blue, and trichrome stain failed to show histochemical differences in the matrix of infected and control bones. Further studies of bone composition are in progress.
The mean lengths of infected tibiae were found to be somewhat longer than controls. This difference in lengths, although consistently observed, was not as marked as the difference in weights. Since the bones studied were from embryos in late gestation, only a moderate increase in length was expected during the culture period, in contrast to the change in wet weight which usually tripled during the same interval of time. Thus the opportunity for development of marked differences in length was less than for weight differences. Greater growth in length occurs in bone rudiments cultured from embryos in earlier stages of gestation, but the distorted shapes often assumed by these younger bones in culture make accurate measurement of their lengths difficult.
To explain the greater length of infected tibiae, the possibility of stimulation of this aspect of growth by the virus must be considered. Although runting and impaired dentition are the striking features seen in the infected hamster, occasionally overgrowth of the incisor teeth occurs to the extent that clipping of the teeth becomes necessary to allow the animal to masticate (1, 10) . The structure of these overgrown teeth is abnormal, however. In view of the disruptive effects of H-1 virus on bone in organ culture, it seems unlikely that the greater length of infected bones in this study is due to stimulation of growth by the virus. Instead, the difference in length between infected and control bones may be related to encasement of the latter in an intact periosteal and perichondral membrane. Although this membrane is probably necessary for normal bone growth in vivo, it may restrict elongation of the uninfected bone in organ culture. In this regard it must be appreciated that bone in organ culture behaves differently than in the intact animal, and that the damaged infected bone which elongated under the conditions of organ culture might have become a shortened, deformed bone if subjected to the stresses encountered in vivo.
Three viruses have been reported to affect human bone. In certain smallpox epidemics viral osteitis and arthritis, often associated with residual disability, have been reported to occur in 2-5 % of affected children (14). Viral invasion of bone is also encountered as a rare but serious complication of vaccinia virus infection (15, 16) , and osteolytic lesions from which virus can be recovered are seen in infants with congenitally acquired rubella (17, 18) . In addition, transient arthritis is a common complication of rubella in women and is also found as a minor concomitant of other viral illnesses (19) . Picodna virus infection of hamster bone in organ culture provides a useful model for the study of the pathogenesis of viral osseous infection which may have important implications for human disease. Modification of the system described in this report to the study of the effects of viruses on organ cultures of human embryonic bone, often available form therapeutic abortions, is suggested as a promising approach for investigating this aspect of viral infections in man. Also, if viruses are associated with conditions such as the osteochondroses, bone neoplasms, and other disorders of bone and cartilage in man, it is attractive to consider that they might be detected by inoculation of affected tissues into organ cultures of bone. SUMMARY tI-1 virus infection of hamsters has been shown to produce runting, microcephaly, cranial lacunae, and deformed teeth in animals inoculated during the suckling period and to cause various abnormalities, including skeletal defects, in embryos infected transplacentally. To explore the pathogenesis of these effects of viral infection on bone, the response of embryonic hamster tibiae in organ culture to inoculation with the H-1 strain of picodna virus was studied. This system made possible the direct observation of the reaction of bone to virus in a regulated environment. During a period of 7-17 days after inoculation the following observations were made: (a) H-1 virus was found to infect and replicate in bone. (b) Infected bones became more translucent, slender, and elongated than control bones. (c) Bone growth as measured by increase in wet weight was reduced in infected tibiae. (d) Infected bones showed periosteal and perichondral degeneration and diminished deposits of subperiosteal bone. It was concluded that the skeletal abnormalities which develop in embryonic and suckling hamsters after H-1 virus inoculation are the direct result of viral replication in bone, and that indirect phenomena such as those associated with chronic infection need not be postulated to explain the deformities seen in these animals.
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